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Nonlinear optical properties of a self-organized dye thin film
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A self-organized thin film of a cyanine dye is fabricated by the spin-coating technique and is characterized

by ultraviolet-visible spectroscopy, infrared (IR) spectroscopy, small-angle X-ray diffraction, ellipsometer,

and atomic force microscopy (AFM). The nonlinear optical properties of the thin films are investigated by

degenerate four wave mixing (DFWM) technique. The cyanine dye thin film sample exhibits high optical

nonlinearities (x® = 2.55 x 10712 esu), and the mechanism is analyzed by the exciton coupling theory.
OCIS codes: 160.4330, 160.4890, 190.4380, 190.4710, 310.6860.

The supra-molecular nanoarchitectures ranging from
simple dimers to three-dimensional micro-crystals have
currently received widespread attentions in fundamen-
tal and applied researches. As the potential materi-
als for self-organization, cyanine dyes are considered
as the key to advanced functional organic materi-
als for xerographyl!l, photography!?, electronics and
photonics®4 and so on. As well known, the m-electron
conjugation system gives rise to large optical nonlinear-
ities (NLO)P6l which is considered as the attractive
candidates for all-optical switching, optical computing,
bistable elements, and logic devices!”. A well-known
aggregation of cyanine dyes is constructed as the simple
one-dimensional stacks as the famous Jelley aggregates
(J-aggregates), which can be approximately modelled by
linear Frenkel chains/®?!, and displays extraordinary pe-
culiarities in their NLO responses!'?. Hence, more and
more cyanine dye self-aggregations are investigated for
the NLO prosperities by means of various preparations,
such as solutions'!l, Langmuir-Blodgett (LB) films[*?l,
single crystals'3], and dispersed polymer films!'4. How-
ever, to our knowledge, the structural factors governing
their third-order nonlinear optical properties have not
been thoroughly understood, which impedes the further
applications of the cyanine dyes. In this paper, for the
sake of the more understanding and application, the high
density J-aggregates film of the cyanine dye 1,1’-diethyl-
3,3,3’,3’-tetramethyl-indolepentylmethinecyanine iodine
(PC, see Fig. 1), with the large third-order nonlinear op-
tical property, is fabricated on the silica substrate by a

Fig. 1. Molecular structure of the cyanine dye PC.
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simple spin-coating technique, and the thin film is char-
acterized by ultraviolet-visible spectra, infrared (IR)
spectra, small-angle X-ray diffraction, ellipsometer, and
atomic force microscopy (AFM). The optical nonlin-
earities are measured by degenerate four wave mixing
(DFWM) at the wavelength of 532 nm, and their mech-
anisms are theoretically analyzed.

The cyanine dye PC was synthesized by the procedure
described in Ref. [15]. Its structure was identified by
mass spectra (MS), *H nuclear magnetic resonance (*H-
NMR), IR spectra, and elemental analysis (EA). The
cyanine dye PC solution was dropped onto the silica sub-
strate, which was sonicated in acetone and deioned water
for 30 min, and excess solution was removed by spinning
(500 rpm for 9 s and 1500 rpm for 50 s by CHEMAT
Spin-coater KW24A). With the evaporation of 2,2,3,3-
tetrafluoro-1-propanol (TFP), the remainder formed a
thin film on the substrate, and its thickness depended
on the speed of rotation and the concentration of the so-
lution.

The absorption spectra were measured by Hitachi U-
3000 spectrometer. Fourier-transform (FT) IR spectra
were measured by Nicolet Nexus 670 FT spectrometer.
Small-angle X-ray diffraction was analyzed by Rigaku
D/Max 2550 VB/PC X-ray diffraction. The morphology
of the film was observed by SPA300HV AFM microscopy,
and the surface roughness was observed with digital in-
struments scanning probe microscope with a multi-mode
head in air. The film thickness d and refractive index n
were measured by ZD-003 ellipsometer at a wavelength
of 633 nm. The optical nonlinearities were investigated
by the DEFWM technique with a Nd:YAG laser (Contin-
uum model YG601) with the pulse width of 35 ps, the
wavelength of 532 nm and the repetition rate of 10 Hz.
The DFMW signal was acquired by Boxcar SR250 (Stan-
ford Research System, Inc.) and recorded by a computer.
Compared with a reference sample of carbon disulfide
(CS3), the third-order nonlinear susceptibility x(*) of the
cyanine PC was obtained as
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where I means the intensity of DFWM signal, « corre-
sponds to the absorptive index, [ is the interaction length,
and n is the linear refractive index. The subscript “r”
means the counterpart of the reference sample with the
x®) of 6.8 x 10713 esu for CSy at the wavelength of 532

nm!,

The AFM images and ellipsometer should be the
effective tools for the surface roughness and thickness.
The thickness of the thin film is measured to be about
252 nm. As shown in Fig. 2, the thin film surface of
the cyanine dye appears very smooth and the roughness
is less than 2 nm. It clearly shows the corresponding
surface morphology of the cyanine dye PC thin film.

Figure 3 depicts the absorption spectra of the PC so-
lution and the thin film, respectively. The absorption
peak of the PC solution is observed at 639 nm for the
m-m* transition from the ground state Sy to the first
excited state Sp, and there exists a weak hypsochromic
vibronic side band, which may be ascribed to the vi-
bronic splitting of the singlet excited statel’”l. However,
the absorption spectrum is widened, and the obvious
red-shift of 40 nm is observed from the solution to the
thin film. It is can be attributed to the PC J-aggregates
formation. Based on the exciton coupling theory!*®l, the
formation of J-aggregates will induce the interaction en-
ergy V due to the inter-molecular coupling. On the one
hand, the first excited-band should be widened for four
times the interaction energy V between the molecules in
the chain, and so the greater inter-molecular assemblage
results in the larger bandwidth. On the other hand, the
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Fig. 2. Surface morphology of the cyanine dye PC thin film.
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Fig. 3. Absorption spectra for the PC solution (solid line)
and thin film (dotted line).
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Fig. 4. IR spectra for the cyanine dye PC powder (solid line)
and thin film (dashed line).

interaction energy V is negative in J-aggregation, and
then the excited band shifts to the lower level. Conse-
quently, compared with the PC monomer, the spectrum
of the thin film shows a broadband as well as red-shift.

Figure 4 shows the IR spectra for the cyanine dye PC
powder and self-organized thin film in the region from
1350 to 1850 cm™!. The bands at 1625 and 1500 cm™*
are associated with the anti-symmetric and symmetric
stretching vibrations of C=C and C=N bonds, respec-
tively. The band near 1450 cm~! is attributed to the
bending mode of CHj3 connected to N atom, and the
bands at 1400 and 1380 cm ™! for the bending vibration
of H3C—C—CHgs. The IR peaks for the PC dye powder
and the self-organized thin film are observed at the same
wavenumber, which indicate that the substrate has no
influence on the conformation of the PC molecules dur-
ing the process of self-assembling. However, the increases
of the steric hindrance, induced by the “head-to-tail” PC
aggregate, results in decreasing the relative intensities of
the bands at 1400 and 1380 cm ™! for H3C—C—CHj to
the band near 1450 cm~! for the bending mode of CHj
in self-organized thin film.

The J-aggregate thin film is also validated by the small-
angle X-ray diffraction measurement. As shown in Fig.
5, the Bragg diffraction peak indicates the existence of an
ordered multilayer structure in the self-organized cyanine
dye PC thin film. The interlayer spacing of 6.67 nm, ob-
tained from diffraction peak, also suggests that PC has
an edge-on conformation through the electrostatic ab-
sorption between iodine ions and the substrate®. The
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Fig. 5. X-ray diffraction patterns for the cyanine dye PC thin
film.
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Table 1. Optical Characteristics for the Cyanine
Dye PC (the Concentration of 1 x 10~° mol/L)

(3)

)\max X n2 Y

(nm) (esu) (esu) (esu)

PC Solution 639 34x107* 95x107'2 23 x 1072
PC Thin Film 678 2.55 x 107!% 3.7 x 107! 6.3 x 1072

value of tilt angle « is cos™!((66.7/2)/ds), which is be-
tween the long axis of the cyanine dye PC molecules and
the substrate surface. And, the calculated value of dg
can be obtained by approximatively summing the bond
lengths of whole molecule PC, including two benzene
rings, the bond length projections of C—N, C=N, and
(m + 2) times the C—C, C=C, and C—H bond lengths
projected on the framework of molecule PC, where m is
the number of the bonds in PCP%. So, the tilt angle
(o) is cos™1(33.4/49.1) = 47.2°, satisfying the need of
J-aggregatel21].

The values of near-resonance x® and the nonlinear
refractive index are measured by DFWM technique and
listed in Table 1. As shown in Table 1, the cyanine dye
PC in the thin film has high third-order optical nonlin-
earities, and second order molecular hyperpolarizability
~ for the cyanine dye PC in the J-aggregate is observed
to be enhanced by nearly ten times.

Under the condition of the near-resonance and centro-
symmetric structure of sample, m-electron delocalization
of the pentamethine unit in backbone of dye PC is firstly
responsible for the third-order nonlinear optical property
x®, which could follow the equation!22

x®) oy oc AL (3)

where v stands for the second-order hyperpolarizability,
Ey1 and po1 are the energy difference and the transition
dipole moment between the ground states and the first
excited states, respectively. For the m-conjugation back-
bone end capped with two indole groups, the donor and
acceptor are not strong enough to induce the observable
intra-molecular charge transfer (ICT) that could evoke
the bands to be obviously red-shifted in IR spectrum[®3.
However, the little difference of the electronic densities
between the indole groups will induce the inter-molecular
head-tail coupling and the formation of the J-aggregates,
and then the PC dye thin film can be self-organized in
the course of spin-coating. The formation of the “head-
to-tail” aggregate can result in the increases of the steric
hindrance of H3C—C—CHs’s bending vibration. So,
the relative intensity of the IR absorption bands for the
bending vibration of H3C—C—CHj3 decreases in the self-
organized thin film, which supports our hypothesis of J-
aggregates structure very well. According to Ref. [24],
the one-dimensional J-aggregates PC, characterized by a
main head-to-tail interaction between transition dipoles,
can be described as an ensemble of identical collinear os-
cillating dipoles. We consider the J-aggregates PC as
a linear chain of N identical dipoles with the two-level
model, i.e.; a ground state and a one-excited band with
various k-states. The width of the one-excited band de-
pends on the inter-molecular interaction energy V. The

oscillator strength fj is proportional to ui, where ui is
the transition di%)ole moment to the kth energy level in

the excited band?4,
242 km
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where 2, is the contributing component of the transi-
tion dipole moment in the monomer molecules PC. So,
the states with an odd quantum number & have oscillator
strength (transition dipole moment squared), and hence
their absorption band appears in the visible region (see
Fig. 3). It is revealed that the state with k£ = 1 contains
by far the most oscillator strength up to 0.81(N +1)u2,.,
for N > 1, which is about 81% of the total oscillator
strength from the ground state to one-excited state tran-
sition, whereas the oscillator strengths of higher states
drop off as 1/k? for k < N?°l. Then Eq. (4) could be
deducted as

8(N +1)u2
fl ~ ‘LL% _ ( 7T2)u’mon’ N > 1. (5)
Therefore, considering Eq. (3), x®) and ~ are in propor-
tion to N2,
P x y(—w, w, —w,w) x x N2, (6)
However, it is well known that the third-order nonlinear
susceptibility for the molecules in non—a%gregation is in

proportion to the number of molecules!?]

X&) o y(—w, w, —w,w) x N. (7)

Therefore, according to Egs. (3), (6), and (7), it could
be deduced that the larger x® of PC in thin film than
that in monomer is ascribed to the collective behavior
of the J-aggregation. For the centro-symmetric cyanine
dye, the third-order nonlinear optics can be remarkably
improved by forming a certain regulated organization (J-
aggregates) with the inter-molecular electrostatic interac-
tion. The nature of the enhancement stems from a size-
enhanced response. Because in monomers the molecules
do not interact, the scaling of x(® is just linear with
size ~ N. By contraries, in J-aggregation x(®) contains
terms which scale as ~ N2 under the condition of near-
resonance.

In conclusion, an ultrathin multilayer film contain-
ing the cyanine dye PC has been prepared by the spin-
coating technique on a quartz substrate, and its proper-
ties are investigated by ultraviolet/visible spectroscopy,
IR spectra, small-angle X-ray diffraction, ellipsometer,
and AFM images. Compared with the cyanine dye PC
powder, the thin film has higher third-order nonlinear
optical properties, which is attributed to m-electron de-
localization of the pentamethine unit and enhanced by
the inter-molecular exciton-exciton coupling. The large
third-order nonlinear optical properties and the excellent
processability show that they are the promising candi-
dates to be developed for the optical switching devices.

This work was supported by the National Natural
Science Foundation of China (No. 10574046), the Na-
tional Key Project for Basic Research of China (No.



July 10, 2007 / Vol. 5, No. 7 / CHINESE OPTICS LETTERS

2006CB806006 and 2006CB921105), the Program for
Changjiang Scholars and Innovative Research Team in
University (PCSIRT), the Program for New Century Ex-
cellent Talents in University (NCET-04-0420), the Doc-
toral Program of High Education (No.20050269011),
the Phosphor Program sponsored by Shanghai Science
and Technology Committee (No. 06QH14003), and the
Twilight Project sponsored by Shanghai Education Com-
mittee (No. 03SG23). Z. Sun is the author to whom the
correspondence should be addressed, his e-mail address
is zrsun@phy.ecnu.edu.cn.

References

1. A. J. Lovinger and L. J. Rothberg, J. Mater. Res. 11,
1581 (1996).

2. T. H. James, The Theory of the Photographic Process
(Macmillan, New York, 1977).

3. J.-M. Lehn, Science 295, 2400 (2002).

O. Ikkala and G. Brinke, Science 295, 2407 (2002).

5. F. Wiirthner, R. Wortmann, and K. Meerholz, Chem.
Phys. Chem. 3, 17 (2002).

6. F. Wurthner, S. Yao, J. Schilling, R. Wortmann, M. Redi-
Abshiro, E. Mecher, F. Gallego-Gomez, and K. Meerholz,
J. Am. Chem. Soc. 123, 2810 (2001).

7. J. Zyss, Molecuar Nonlinear Optics: Materials, Physics
and Devices (Academic Press, Boston, 1994).

8. E. Jelley, Nature 138, 1009 (1936).

9. T. Kobayashi, J-Aggregates (World Scientific, Singapore,
1996).

10. F. C. Spano and S. Mukamel, Phys. Rev. A 40, 5783
(1989).

11. K. Yurekli, E. Conley, and R. Krishnamoorti, Langmuir

~

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

431

21, 5825 (2005).

K. Ray and H. Nakahara, J. Phys. Chem. B 106, 92
(2002).

S. Ushiroda, N. Ruzycki, Y. Lu, M. T. Spitler, and B. A.
Parkinson, J. Am. Chem. Soc. 127, 5158 (2005).

C. Ruslim, M. Hashimoto, D. Matsunaga, T. Tamaki,
and K. Ichimura, Langmuir 20, 95 (2004).

T. J. James, The Theory of the Photographic Process
(4th edn.) (Macmillan, New York, 1977).

S. A. Jenekhe, S. K. Lo, and S. R. Flom, Appl. Phys.
Lett. 54, 2524 (1989).

B. Rybtchinski, L. E. Sinks, and M. R. Wasielewski, J.
Phys. Chem. A 108, 7497 (2004).

M. Kasha, H. R. Rawls, and M. A. El-Bayoumi, Pure.
Appl. Chem. 11, 371 (1965).

Z. Wu, S. Wu, and Y. Liang, Langmuir 17, 7267 (2001).
J. Umemura, T. Kamata, and T. Takenaka, J. Phys.
Chem. 94, 62 (1990).

E. G. McRae, and M. Kasha, J. Chem. Phys. 34, 28721
(1958).

F. Meyers, S. R. Marder, B. M. Pierce, and J. L. Brédas,
J. Am. Chem. Soc. 116, 10703 (1994).

K. Ikegami, C. Mingotaud, and M. Lan, Thin Solid Films
393, 193 (2001).

L. K. Gallos, A. V. Pimenov, I. G. Scheblykin, M. Van
der Auweraer, G. Hungerford, O. P. Varnavsky, A.G.
Vitukhnovsky, and P. Argyrakis, J. Phys. Chem. B 104,
3918 (2000).

H. Fidder, J. Knoester, and D. A. Wiersma, J. Chem.
Phys. 95, 7880 (1991).

N. Wiese, H. J. Eichler, and J. Salk, IEEE J. Quantum
Electron. 25, 403 (1989).



